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Highlights 
 This study investigates the physiological factors underlying genotypic variation in 
response to high temperature stress (45oC/30oC) and the role of acclimation treatment 
(35o/28oC) prior to exposing plants to lethal temperatures, in two groups of mungbean 
genotypes selected based on their sensitivity to high temperature 
 Environmentally controlled growth chambers were used to provide the required 
temperature regimes.  In addition to shoot and root growth, reproductive development 
and yield, several physiological parameters such as changes to chlorophyll content 
(measured using SPAD reading), stomatal conductance, pollen viability, pollen 
structure and size, were measured.  
 The average shoot biomass (including root) was reduced by 9% and 41%, and the 
grain yield by 31% and 50%, in the acclimated and non-acclimated treatments, 
respectively, compared to control. 
 The mean root weight in the tolerant group was 48%, 180% and 130% greater than 
that in susceptible group, in CON, Ac-HT and NAc-HT treatments, respectively. 
 There was significant variation among genotypes for root weight. A positive 
relationship (r2=0.54**) between root and shoot weight indicated that plants with 
larger root weight also produced higher shoot biomass. 
 The high temperature tolerant genotypes responded to acclimation treatment by 
promoting root growth and maintaining other physiological attributes, but such 
responses were not observed in susceptible genotypes. 
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 The study highlighted the importance of an acclimation treatment prior to high 
temperature stress in identifying genotypes with intrinsic ability to adapt to high 
temperature stress conditions. 
 
Abstract 
This study investigated the physiological factors underlying genotypic variation in response to 
high temperature and the role of acclimation prior to high temperature stress, in mungbean 
genotypes, selected based on their sensitivity to high temperature. The genotypes were 
subjected to three temperature regimes during the reproductive phase, i.e. normal (28oC/24oC, 
CON), acclimation temperature (35oC/28oC, Ac-HT) before transferring to high temperature 
(45oC/30oC), and direct exposure of non-acclimated plants to high temperature (45oC/30oC, 
NAc-HT). Environmentally controlled growth chambers were used to provide the required 
temperature regimes. The plants were maintained at fully watered conditions throughout the 
growing cycle. The average shoot biomass (including root) was reduced by 9% and 41%, and 
the grain yield by 31% and 50%, in the acclimated (Ac-HT) and non-acclimated (NAc-HT) 
treatments, respectively, compared to CON. The mean root weight in the NAc-HT treatment 
was reduced by 32%, while the mean root weight in Ac-HT treatment was comparable to CON, 
although there was genotypic variation with in the treatments. The mean root weight in the 
tolerant group was 48%, 180% and 130% greater than susceptible group, in CON, Ac-HT and 
NAc-HT treatments, respectively. There was significant variation among genotypes for root 
weight. A positive relationship (r2=0.54**) between root and shoot weight indicated that plants 
with larger root weight also produced higher shoot biomass. The high temperature tolerant 
genotypes responded to acclimation treatment by promoting root growth while such enhanced 
root growth was not observed in susceptible genotypes. The study suggested that acclimation 
treatment followed by high temperature could be used as a technique to identify genotypes with 
ability to adapt to high temperature stress conditions. 
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Keywords High temperature stress, heat acclimation, reproductive phase, mungbean 
genotypes, root growth, physiological traits. 
 
1. Introduction 
 Several studies have shown that global food production needs to double by 2050 to 
keep pace with increasing demands from rising population and diet shifts (Ray et al. 2013). 
Boosting crop yields to meet these rising demands has been highlighted as a preferred solution 
to meet this goal. However, climate change, increasing human population, economic growth 
and shifting diets are expected to affect future food production (Fedoroff et al. 2010; Godfray 
et al. 2010). As a consequence of global warming, heat waves and hot days are predicted to 
increase both in intensity and frequency in many tropical, sub-tropical and temperate regions 
in the coming decades (IPCC 2014). Given the complete dependency of humans on agriculture 
for food, understanding the reaction of food crops to high temperature stress at different stages 
of crop growth is paramount importance. 
 Mungbean (Vigna radiata (L.) R. Wilczek var. radiata) has evolved as an orphan food 
legume from the subsistence farming systems in India (Rajeev et al. 2011; Kang et al. 2014) 
and became one of the most important food legume crops grown across a wide range of 
latitudes (40o N or 40o S). More than 3 million tons of mungbean grain is produced annually 
and consumed by billions of people around the world in various forms.  However, recent 
increase in global demand for vegetable protein, along with market price has resulted in 
demand–led commercial production of mungbean in large farms (Keatinge et al. 2011). The 
extreme variability in climate during the crop growth, including high temperatures and 
unpredictable droughts are limiting productivity of the mungbean.    
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Earlier work showed that a short episode of high temperature stress during the 
reproductive phase can cause significant reduction in buds and flowers (Foolad, 2005; 
Maheswari et al. 2012), although significant variation within plant species and varieties was 
noted (Sato et al. 2006). Temperatures of = >45oC/35oC affect membrane integrity (Sullivan 
1972; Martineau et al. 1979; Dias et al. 2010) and inhibit photosynthetic efficiency (Kumar et 
al. (2011) in mungbean. Various studies reported that reproductive stage is most sensitive to 
high temperature stress in mungbean (Siddique et al. 1999;Guilioni et al. 2003;Wahid et al. 
2007). There are contrasting reports about the effects of high temperatures on phenology, either 
having no effect (Kaur et al. 2015) or shortening of time to flower by 3-4 days (Sharma et al. 
2017). However, various studies reported increased flower abortion, reduced dry matter 
production, reduced pod filling, and yield losses of up to 40% on per plant basis. 
Patriyawaty et al. (2017) reported significant effect of, and genotypic variation for 
acclimation treatment prior to exposing mungbean plants to high temperature.  Acquired 
tolerance to high temperature through acclimation has been observed in seedlings and cultured 
cells (Song et al. 2012), and in moth bean (Vigna aconitifolia Jacq.) seedlings (Sharma et al. 
2014), which was attributed to molecular changes including induction of peroxidase, ascorbic 
peroxidase and catalase activities. However, there is little information on the physiological 
mechanisms underpinning genotypic variation for acclimation prior to high temperature in 
mungbean (Vigna radiata). There is a need to identify traits contributing plant’s adaptation to 
high temperature to develop varieties resilient to climate change.   
The objectives of the present study were to investigate the underlying mechanisms for 
the genotypic variation in response to high temperature and heat acclimation prior to high 
temperature in mungbean. 
 
 
2. Material and Methods  
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2.1.Genotypes 
A set of five genotypes each, tolerant and susceptible to high temperature stress, 
identified in the previous study (Patriyawaty et al. 2017) were used for this study. The 
genotypes were categorised as early, medium and late, based on days to flowering and maturity 
(Table 1).  
 
2.2. Plant culture 
The experiment was conducted in the environmentally controlled growth chambers 
(ECGC) at the Gatton Campus, The University of Queensland, Australia. The genotypes were 
planted into one-litre plastic pots (42mm length x 42mm breadth x 70 mm height), filled with 
a potting medium containing complete fertilizer. The late maturing genotypes were planted 
first followed by medium and early duration types at 5-day intervals, respectively, to 
synchronise flowering. Two seeds were planted in each pot and seedlings were thinned at two-
leaf stage to retain one healthy plant per pot.  
Plants were watered regularly, and a liquid fertilizer Seasol® was applied at a rate of 3 
ml per litre of water at 2-week interval. Another liquid fertilizer, Powerfeed® was applied 
weekly at a rate of 20 ml per litre of water, after appearance of the first trifoliate leaf. Diurnal 
temperatures in the ECGC were recorded every 30 minutes interval using a Tinytag2 plus data 
logger. 
 
2.3. Temperature treatments 
After commencement of flowering (DAF) plants were subjected to three temperature 
treatments in the ECGCs, as described below: 
1. Control (CON): Plants were grown at 28oC/24oC regime from germination to maturity. 
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2. Heat acclimation prior to high temperature (Ac-HT): After commencement of flowering, a 
subset of plants from CON were transferred to 35oC/28oC regime for a 10-day period before 
transferring to higher temperature (45oC/30oC) regime for additional 10 days.  
3. High temperature treatment (NAc-HT): An additional subset of plants from CON, were 
directly transferred to 45oC/30oC regime for a 10-day period. 
At the end of the high temperature treatment all plants were transferred back to CON 
(28oC/24oC) until final harvest. There were 10 replications for each genotype, to allow 
destructive sampling of 3 replications at 11, 21 DAF, and at the final harvest.  
2.4. Measurements 
2.4.1. Plant growth  
 Shoot and root Biomass  
Shoot and root biomass was measured by sampling 3 replications of each genotype from CON 
and Ac-HT treatments at 11 DAF, and all the three treatments at 21 DAF (end of NAc-HT 
treatment), and all plants at final harvest. The plants were separated into shoot (leaf and stem), 
roots and pods.  The shoots and roots were dried in an electric oven at 70oC for 48 h and pods 
at 35oC for 72 h. The plant material was cooled to room temperature before recording the dry 
weights and the values were expressed as g per plant.  
 
Grain yield  
After final harvest, total number of mature, immature pods were counted on the three 
labelled plants for each genotype, and their dry weights recorded.  
Pods were shelled, seed weight and moisture content recorded separately for mature 
and immature seeds. The yield data was presented at 12% moisture. 
 
Harvest index  
AC
CE
PT
ED
 M
AN
US
CR
IPT
7 
 
Harvest index (HI) was calculated as the ratio of seed yield to total biomass.  
2.4.2. Reproductive growth and development  
The number of buds, flowers and pods were counted daily after commencement of AC-
HT treatment, on three labelled plants and expressed as an average per plant. From the above 
measurements, bud to flower ratio (B-F ratio), flower to pod ratio (F-P ratio) were calculated 
as follows: 
B-F ratio = (Total number of flowers/total number of buds) × 100    -------- Eq.1 
F-P ratio = (Total number of pods/total number of flowers × 100    --------- Eq.2 
 
2.4.3. Physiological parameters 
Pollen viability, pollen structure and size 
Pollen viability was measured using the Iodine Pollen Starch Test method (Chang et al. 
(2014). Pollen was collected between 8 and 11am from three or four fresh flowers of three 
labelled plants, in CON and Ac-HT and NAc-HT treatments on 21 DAF. The number of viable 
and non-viable pollen grains were determined as described by Nia Patriyawaty et al., 2017 and 
expressed as a number per mm2 for each replication.   
Fresh flowers collected during 20-21 DAF from the three temperature treatments were 
freeze dried using liquid nitrogen and stored at -20oC until the pollen structure and size were 
determined using a scanning electron microscope at a magnification of 340x.  
 
SPAD meter reading 
A SPAD chlorophyll meter (Minolta SPAD-502 meter (Tokyo, Japan) was used to 
measure chlorophyll density (Nageswara Rao et al. 2001). During 19-20 DAF, SPAD meter 
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readings were recorded between 9.00 and 11.00h, on three fully expanded leaves of three plants 
per genotype and averaged for each replication. 
 
Stomatal conductance  
Stomatal conductance of 2nd or 3rd fully-expanded leaves from the apical meristem were 
measured 3 times (9.00-10.00 h, 12.00-13.00 h and 15.00-17.00 h) during 19-21 DAF, using a 
portable leaf porometer (Model: SC1; Decagon Devices, Pullman, WA, USA). The leaf 
conductance was expressed as a sum of adaxial and abaxial values. 
 
Cell membrane integrity (% injury) 
The electrolyte leakage from membrane was measured using the method described by Nia 
Patriyawaty et al., 2017,  and  the %  injury to membrane was calculated as follows: 
   1 – (T1/T2) 
   1 – (C1/C2)  
Where T and C are treatment and control and the subscript 1 and 2 of T and C refer to initial 
and final conductance, respectively. 
 
2.5.Statistical analysis 
This experiment was designed as a randomized block design with 2 factors i.e. the three 
temperature treatments and the two groups of genotypes, with 3 replications. MINITAB 
Version 17 statistical program was used for the analyses of variance (ANOVA), and means 
were separated using Fisher’s least significant difference (LSD). Correlation and regression 
approaches were used to analyse the relationship between the traits.  
 
% Injury = 1 -  × 100  Eq. 3 
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3. Results 
3.1. Temperature and relative humidity in the growth chambers 
 In the control treatment, diurnal temperatures were maintained at 28oC/24oC in the 
ECGC, throughout the experimental period. The diurnal temperatures during the Ac-HT 
treatment were maintained at 35oC/28oC for the first 10-day period in the second ECGC, until 
the high temperature treatment started. From the 11th day the temperatures in the ECGC were 
increased to 45oC/30oC for an additional 10-day period (Fig 1).  
The diurnal changes in RH ranged from 53% to 59% in the 3 temperature treatments. 
The average RH in CON treatment during the recovery period was maintained at 54% until 
harvest. The photosynthetically active radiation in the ECGC however, was ranging from 700-
900 µE.m-2.s-1 
  
3.2. Dry matter production and grain yield 
Biomass (shoot + root) 
The biomass was significantly affected by temperature treatments and genotypes 
(P<0.001). The mean total biomass in CON was 4.1 g per plant at final harvest with genotypic 
variation ranging from 2.6 g to 5.9 g per plant, while the reduction in biomass was 9% and 41% 
in Ac-AT and NAc-HT treatments respectively, highlighting less reduction in Ac-AT 
compared to NAc-HT (Table 2). However, the biomass ranged from 1.6 g to 6.6 g per plant in 
Ac-AT and 1.4 g and 4.0 g per plant in NAc-HT, suggesting a significant genotypic variation 
within treatments (Table 2).  The differences between groups and genotypes within each group 
were also significant (P<0.001). The interaction between the temperature treatments and group 
was significant at P<0.05, suggesting that two groups responded differently to high temperature 
treatments (Table 2). 
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The average biomass of heat tolerant group was 4.5 g, 5.0 g and 3.0 g per plant, 
compared to 3.6 g, 2.4 g and 1.8 g per plant, in heat susceptible group, in CON, Ac-AT and 
NAc-HT respectively. Clearly the heat-tolerant group had significantly higher biomass (Table 
2) and the Ac-HT treatment was able to maintain higher plant biomass than NAc-HT plants.  
 
Grain yield  
Grain yield per plant was significantly affected by temperature (P<0.001) and 
genotypes (P<0.05) (Table 2). The mean grain yield in CON was 1.6 g per plant with genotypic 
variation ranging from 0.9 g to 2.6 g per plant. The grain yield was reduced by 31% and 56% 
in Ac-HT and NAc-HT treatments respectively.  However, the genotypic variation within Ac-
HT and NAc-HT was significant (P<0.05) (Table 2).   
The mean grain yield of tolerant group was 1.8 g, 1.3 g and 0.7 g per plant, compared 
to 1.4 g, 0.8 g and 0.7 g for the susceptible group, in CON, Ac-HT and NAc-HT treatments 
respectively (Fig 2). However, G27 from the susceptible group was able to maintain higher 
yield in NAc-HT treatment. A significantly positive correlation (r2=0.58**) between biomass 
and grain yield across temperature treatments suggested that genotypes with higher biomass 
produced higher grain yield in general. 
 
Root weight 
The mean root weight at 20 DAF (at the end of the NAc-HT) was 0.31 g per plant in 
CON with genotypic variation ranging from 0.17 g to 0.44 g per plant (Table 3). However, the 
mean root weight in Ac-HT was 0.38 g per plant, compared to 0.21 g in NAc-HT, highlighting 
the differences between acclimated and non-acclimated plants in root weight (Table 3). There 
was a significant variation for root weight between groups (P<0.001) as well as genotypes with 
in group (Table 3).  The mean root weight was 0.37 g, 0.56 g and 0.30 g per plant in heat-
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tolerant group, while it was 0.25 g, 0.20 g and 0.13 g per plant in heat-susceptible group, in 
CON, Ac-HT and NAc-HT treatments, respectively (Fig 3). Most members of the heat tolerant 
group (excepting G10 genotype) had higher root weight in the acclimation treatment compared 
to CON, while such a response in root growth was not observed in the heat susceptible group 
(Table 3). However, there were some exceptions, for example, some genotypes (ex., G6 and 
G8) which belonged to susceptible group had root weight comparable to tolerant group in CON. 
However, G8 maintained high root weight in high temperature treatments (NAc-HT) but not 
G6. The T x Gr interaction was significant at P<0.05 suggesting differential behaviour of 
groups for root weight while the T x G interaction was not significant (Table 3). 
 
The root growth rate from 10 DAF to 20 DAF, in the Ac-AT treatment was similar to 
that in CON (0.01 g per plant per day), however, during the recovery period there was no 
further root growth in all treatments.  
There was a significantly positive relationship (r2=0.54**) between root and shoot 
weight per plant at the end of high temperature treatment across the treatments, suggesting that 
plants with higher root weight also produced higher shoot biomass (Fig 4).  
 
Harvest index 
Harvest index (HI) was not affected by temperature treatments, while genotypes 
differed significantly (P<0.05). However, the T x G and T x Gr (genotypes within groups) 
interactions were also significant at P<0.05 and P<0.001 respectively, suggesting that the 
response of groups and genotypes within groups to temperature treatments varied. The 
genotypic variation for HI ranged from 0.3 to 0.5 per plant in CON, 0.1 to 0.7 in Ac-AT and 
0.1 to 0.6 in NAc-HT treatments. 
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3.3. Reproductive growth and development 
Bud number was affected by temperature (P<0.05), but the T × Gr and T × G 
interactions were not significant, suggesting that the genotypes responded similarly to 
temperature treatments (data not presented). 
The mean number of flowers per plant in control was 22 with genotypic variation 
ranging from 14 to 25 number of flowers per plant. The mean flower number per plant in Ac-
HT on par with CON, but reduced by 32% in NAc-HT. The effect of temperature treatments 
and genotypes on flower number was significant (P<0.05), while the T x G and T x Gr 
interactions were not significant. 
 
Flower to pod ratio 
 The flower to pod (F-P) ratio was significantly affected by temperature and T x G 
interaction (P<0.05) suggesting that genotypes responded differently to Ac-HT and NAc-HT 
treatments. The mean F-P ratio reduced progressively from 43.8% in CON to 34.6% and 
31.2%, in Ac-HT and NAc-HT treatments, respectively (Fig 5). 
 
3.4.  Physiological parameters 
SPAD meter reading 
The SPAD chlorophyll meter (SPAD) reading is a measure of chlorophyll density in the leaf, 
which is an indirect measure of a potential photosynthesis. The temperature, groups and 
genotypes within groups had significant effect on SPAD readings (P<0.001). The T × Gr 
interaction was significant with heat tolerant genotypes as a group having significantly higher 
SPAD readings compared to susceptible group (Fig 6). The SPAD reading was linearly related 
with biomass (r2=0.73**) and root weight (r2=0.40*) (7A&B).  
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Stomatal conductance  
The effect of temperature treatments on stomatal conductance was significant (P<001), 
but the difference between genotypes, interaction of T x Gr or genotypes with in groups was 
not significant. The mean stomatal conductance followed diurnal pattern with the readings 
being higher during the midday (254 mmol/m2) compared to 236 mmol/m2 in the morning and 
222 mmol/m2 in the evening in CON (Fig 8). However, the daily mean stomatal conductance 
in Ac-HT (145 mmol/m2) and NAc-HT (51 mmol/m2) treatments were significantly lower than 
CON (data not presented). However, it was interesting to note that the mean stomatal 
conductance in Ac-HT treatment was significantly higher than in NAc-HT treatment for most 
of the day (Fig 8A).  
The stomatal conductance was positively related to biomass and (r2 = 0.51**, (Fig 8B); 
and SPAD meter readings (r2 = 0.61**) (data not shown).  
 
Total and viable pollen number and size  
The total and viable pollen number were significantly affected by the temperature 
treatments and genotypes (P<0.001), with the T x G interaction being significant for both total 
and viable pollen number P<0.05. The mean viable pollen number was 38, 24 and 6 per mm2 
in CON, AC-HT and NAc-HT suggesting a 37% and 84% reduction in Ac-HT and NAc-HT 
treatments respectively, compared to CON. The viable pollen to total pollen ratio was 
significantly affected by the temperature treatments (P<0.001). There was also significant 
genotypic variation and the T x Gr and T x G interactions were also highly significant 
(P<0.001). However, the heat-tolerant group maintained higher viable to total pollen ratio, 
particularly in NAc-HT treatment (64%), compared to 25% in heat-susceptible group. 
Interestingly G27, in the susceptible group was able to maintain higher viable to total pollen 
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ratio (55%) compared to other susceptible genotypes (average 17.7%, excluding G27) in NAc-
HT treatment. The temperature had a significant effect on pollen size. The mean pollen size 
reduced from 34 µm in CON to 30 µm in Ac-HT and 20 µm in NAc-HT treatments. (Plate 1). 
Clearly pollen grains of non-acclimated plants were reduced in size and severely distorted in 
shape.  
 
Cell membrane integrity (% injury) 
The injury to cell membrane was significantly higher in Ac-HT (41%) and NAc-HT (64 
%) compared to 30% in CON. There was significant genotypic variation for membrane 
integrity with treatments and genotypes being significant at P<0.001 and P<0.05, respectively. 
The T x G as well as T x Gr interactions were also significant (P<0.05).  
 
4. Discussion 
Shoot and root growth and yield 
Current study confirmed earlier reports of significant yield losses in mungbean due to high 
temperature stress imposed during reproductive phase (Kumar et al. 2011, Kaur et al. 2015, 
Sharma et al. 2016). Genotypic differences in response to high temperature have been observed 
in various crop species including moth-bean (Sharma et al 2014) and mungbean (Sharma et al. 
2016, Patriyawaty et al. 2017). In the current study, the acclimated (Ac-HT) and non-
acclimated (NAc-HT) treatments resulted in 9% and 41% reduction in biomass, and 31% and 
56% in grain yield, respectively, compared to control (CON) (Table 2).  Clearly, acclimated 
plants showed better performance compared to non-acclimated plants under high temperature 
conditions. Acquired thermo-tolerance has been researched in seedlings and cultured cells of 
number of crops (Song et al. 2012 and Sharma et al. 2014), and genotypic variation in response 
to acclimation has been reported in various crops (Srikanthbabu et al. 2002, Kumar et al. 1999). 
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A study with Arabidopsis mutants provided direct genetic evidence for molecular mechanisms 
involved in the acquisition of thermos-tolerance (Hong and vierling 2003).  However, none of 
the above studies examined the role of roots as a physiological mechanism underlying 
genotypic variation in response to acclimation prior to high temperature.  
In the current study, the heat tolerant and susceptible groups clearly differed in their response 
to high temperature stress, with significant genotypic variation in shoot and root weight within 
each group. The heat tolerant group had 40%, 180% and 130% higher mean root weight 
compared to heat susceptible group, in CON, Ac-HT and NAc-HT treatments respectively 
(Table 3), indicating that the acclimation process promoted root growth in some genotypes. 
The higher root growth in response to Ac-HT treatment was not observed for susceptible group 
(excepting for G8). The genotypes with large root system, could have resulted in favourable 
water relations which supported various molecular responses to heat stress culminating into 
shoot growth (Fig. 4) and grain yield (Fig.2). Similar results were observed in an earlier work 
with mutants of Arabidopsis by Hong and Vierling (2003). 
 
Physiological parameters   
 The SPAD chlorophyll meter (SPAD) has been used as an indirect measure of leaf chlorophyll 
content, leaf N status, and photosynthetic capacity in various plants (Nageswara Rao et al 2001, 
Samdur et al. 2000, Akkasaeng et al. 2003, Reis et al. 2009. Zhao et al. 2016). In the current 
study the mean SAPD values ranged from <20 to >40, suggesting significant variation in leaf 
chlorophyll content or photosynthetic capacity, due to the temperature treatments and 
genotypes, The reduction in mean SPAD values in high temperature treatment are in support 
of earlier work which reported reduction in chlorophyll content due to heat stress in various 
crop species (Sanjeev Kumar et al. 2011: Sharma et al. 2016). The decline in chlorophyll 
content was also associated with suppressed chlorophyll fluorescence, an indicator of 
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photosynthetic efficiency (Willits and Peet, 2001). The decline in  chlorophyll as indicated by 
SPAD readings, may also be a result of direct effects of high temperature stress on chloroplast 
membranes and PSII function in plants as shown in tomato (Camejo et al. 2005) and chickpea 
(Kaushal et al. 2013). However, the significantly higher SPAD readings in the Ac-HT treatment 
compared to NAc-HT treatment signifies the effect of acquired thermos-tolerance in acclimated 
plants. The positive relationship of SPAD with root (0.40*) and shoot biomass (0.73**) (Fig 
7A&B) could be explained by the indirect association of SPAD values with photosynthetic 
capacity of the leaf, which resulted in higher biomass production.  
The stomatal conductance is an indirect indicator of gas exchange through stomatal 
apertures or rate photosynthesis. In NAc-HT treatment the mean stomatal conductance 
decreased remarkably compared to CON. However, acclimated (Ac-HT) plants maintained 
significantly higher conductance compared to non-acclimated plants for most of the day. There 
was a positive relationship  (r2=0.51**) between with the stomatal conductance and plant 
biomass, a finding that has also been reported by El-Sharkawy et al. (1985) in many plants. 
Since the plants were in well-watered condition, the changes on stomatal conductance is 
attributable primarily to temperature treatments.  
The high temperature stress is known to be detrimental to cell membrane integrity 
resulting in increased electrolyte leakage from leaf tissue. Electrolyte leakage has been reported 
as an indicator of heat stress (Sullivan 1972;Liu & Huang 2000; Wahid et al. 2007).  In this 
study, injury to cell membrane of plants in Ac-HT and NAc-HT treatments was significantly 
higher than CON plants as a result of heat stress, which has also been reported in mungbean  
(Kaur et al. 2011), chickpea (Kaushal et al. 2013) and soybean (Martineau et al. (1979). 
However % injury was lower in acclimated plants compared to non-acclimated plants. Xu et 
al. (2006) reported similar  findings in turf grass and showed that accumulation of H2O2
 and 
lipid peroxidation due to heat stress was responsible for the decline in cell membrane integrity. 
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Acclimated plants accumulated lower levels of H2O2 compared to non-acclimated plants when 
exposed to lethal temperature stress (Xu et al. 2006).  
 
In the current study, high temperature stress adversely affected reproductive function in non-
acclimated plants by reducing the pollen viability by 60%, while in acclimated plants the 
reduction of pollen viability was only 14%, compared to control. One of the reasons behind 
loss of pollen viability in high temperature stress could be the loss of pollen structure and pollen 
size (plate 1). The pollen size was reduced by 16% and 11% in NAc-HT and Ac-HT plants, 
respectively, compared to control plants. Nia Patriyawaty  et al. (2017) showed that reduction 
of pod set in mungbean genotypes is primarily a consequence of reduction in pollen viability 
as evidenced by a positive relationship between viable pollen number and grain yield 
(r2=0.45**). These findings are supported by earlier works in peanut (Kakani et al. 2002; Vara 
Prasad et al. 2003), cowpea (Warrag & Hall 1984b), beans (Gross & Kigel 1994) and mungbean 
(Kaur et al. 2015, Nia Patriyawaty et al. 2017).  
Over the past decade, several methods have been developed to identify heat tolerant plants, 
including a temperature induction response technique (TIR) (Clarke et al.2004; Senthil- Kumar 
et al. 2003), a hypocotyl elongation assay (Kaplan et al. 2004; Nishizawa et al. 2006), a cell 
viability assay (Song et al. 2012; Yildiz and Terzi 2008), a chlorophyll accumulation assay 
(Camejo et al. 2005; Dash and Mohanty 2001), a membrane permeability assay (Song et 
al.2008), a malondialdehyde content assay (Song et al. 2006), and a chlorophyll fluorescence 
analysis (Ducruet et al. 2007; Tsai and Hsu 2009). Acquired thermo-tolerance thorough 
acclimation process may reflect the intrinsic mechanism that contributes to tolerance to high 
temperature in plants. The acquired thermo-tolerance through acclimation phase has been used 
as a technique to identify heat sensitive and heat tolerant genotypes in various crop species 
(Srikanthbabu et al.2002; Kumar et al. 1999; Howarth et al. 1997). 
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This study highlighted that root weight and pollen viability are the two important parameters 
contributing to heat tolerance in mungbean. 
There is a need to establish a crop specific standards for acclimation and high temperature 
stress durations and recovery periods. Earlier works with acclimation treatment prior to lethal 
temperature found to result in varied thermo-tolerance (Harrington and Alm 1988; Howarth et 
al. 1997; Kumar et al. 1999; Senthil-Kumar et al. 2003; Larkindale and Vierling 2008). 
 
Obtaining information on the genetic basis of variation in response to acclimation prior to high 
temperature stress in mungbean, may be an important strategy to consider in the crop 
improvement programs. This strategy will also help to get a grip on heat tolerance aspect of 
plant biology, which could be applied for other crops.  
  
5. Conclusion 
High temperature treatment significantly affected TDM, root mass and grain yield. There is a 
large genotypic variation (P<0.001) for heat stress response. Acclimation treatment (AT) 
performed better than those exposed to heat shock (HS). The role of acclimation treatment 
offers some important protection to the plants which is indicated by increasing root weight in 
AT treatments and hence could survive better under heat stress and maintain growth 
performance until harvest. Pollen viability was affected by high temperature stress significantly 
and there was a considerable genotypic variation for this effect and this trait also was found to 
become an important underlying mechanism for heat tolerance. Physiological traits such as 
SPAD value, stomatal conductance, stomatal density, cell membrane integrity and leaf 
temperature differential were also affected by high temperature treatment and varied 
considerably across genotypes. There was a link between physiological traits and biomass and 
hence this can be used as a tool to predict heat-tolerant genotypes. Genotypes M08019 and 
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Satin were identified to have high temperature tolerance on the basis of biomass and grain 
yield, while genotypes M11047 and M12130 were identified as heat-susceptible genotypes.  
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Fig. 1. Diurnal (A) and mean temperature (B) experienced by mungbean plants in the growth 
chambers. The temperature treatment periods are indicated as solid arrows (Ac-HT) and dash 
arrows (NAc-HT) on x-axis.  
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Fig. 2. Grain yield per plant (g) in comparison between heat-tolerant and -susceptible 
groupings. The error bar on each treatment bar represents standard error of data. Similar letter 
in the bar indicates non-significant at 5%.   
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Figure 3. Root weight per plant (g) in heat-tolerant and -susceptible groups. The error bar on 
each treatment bar represents standard error of data. Similar letter in the bar indicates non-
significant at 5%.   
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Fig 4. Effect of Ac-HT and NAc-HT on the relationship between root and shoot weight per 
plant (g) at 20 DAF on 10 selected mungbean genotypes. The temperature treatments are 
indicated as clear circles (CON), light brown (Ac-HT) and black (NAc-HT) circles. 
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Figure 5. Effect of temperature treatments on flower to pod ratio in different temperature 
treatments. The box represents 60% of the data values. Mean is indicated as a diamond and the 
line the box represents median, the whiskers on either side of the box represent maximum and 
minimum data points in the treatment. LSD for T (P<0.05) = 8.32, LSD for Gr = ns, LSD for 
G = ns, LSD T x Gr = ns, LSD T x G (P<0.05) = 26.31.   
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Fig.6. The mean SPAD meter reading in tolerant and susceptible groupings in different 
temperature treatments. The error bar on each treatment bar represents standard error of data. 
Similar letter in the bar indicates non-significance at 5%.   
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Fig. 7. Effect of Ac-HT and NAc-HT on the relationship of SPAD meter reading with biomass 
per plant (A) and root weight per plant (B). The temperature treatments are indicated as open 
circles (CON), light brown filled circles (Ac-HT) or solid black circles (NAc-HT). 
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Figure 8. Effect of high temperature treatments on stomatal conductance (mmol/m2s) at 3 
different times (A) and the relationship between the stomatal conductance and total plant 
biomass, in the three temperature treatments (B). The temperature treatments are indicated as 
open circles (CON), light brown filled circles (Ac-HT) or solid black circles (NAc-HT). 
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Plate 1. Scanning electron microscope images of pollen in CON (A) plants, Ac-HT and NAc-
HT treatments 
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     Group 
 
Genotype code  Genotype Maturity Group 
Heat-
Tolerant 
G5 M08019 Late 
G10 Crystal Medium 
G13 Jade-Au Late 
G16 Satin Late 
G17 Satin II Medium 
Heat-
Susceptible 
G4 Green Diamond Medium 
G6 M11047 Late 
G8 M12130 Medium 
G27 AUSTRCF 324136 Early 
G28 AUSTRCF 324255 Early 
 
Table 1. List of 10 selected mungbean genotypes utilized in experiment-2. 
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Genotype 
Biomass per plant (g) Grain Yield per plant (g) 
CON Ac-HT NAc-HT Control Ac-HT NAc-HT 
G5 5.4 6.6 3.3 2.5 1.6 0.8 
G10 3.4 3.3 2.5 1.1 0.8 1.2 
G13 4.4 3.2 2.6 1.7 1.9 0.4 
G16 5.9 5.6 4.0 2.6 1.6 0.9 
G17 3.9 6.4 2.8 1.0 0.7 0.2 
 
G4 3.4 2.1 1.8 1.4 1.1 0.8 
G6 3.4 2.4 1.8 1.1 0.9 0.2 
G8 5.3 3.5 2.4 1.9 0.7 0.4 
G27 2.6 2.8 1.4 0.9 0.3 1.8 
G28 3.5 1.6 1.9 1.6 1.0 1.1 
Mean 4.1 3.7 2.4 1.6 1.1 0.8 
LSD for Treatment (T)  0.23 P<0.001 0.14 P<0.001 
LSD for Group (Gr)  1.46 P<0.001 0.91 P<0.05 
LSD for Genotype (G)  0.69 P<0.001 0.43 P<0.05 
LSD for T x Gr 0.28 P<0.05 0.17 P<0.05 
LSD for T x G 1.19 ns 0.75 P<0.05 
 
Table 2. Biomass and grain yield of selected 10 mungbean genotypes (G) in CON, Ac-HT 
and NAc-HT treatments (T) at final harvest. The top 5 and bottom 5 genotypes represent high 
temperature stress tolerant (italics font) and susceptible (regular font) groups (Gr), 
respectively. 
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Genotype 
Root weight at 20 DAF (g)/plant 
CON Ac-HT NAc-HT 
G5 0.33 0.59 0.46 
G10 0.33 0.23 0.17 
G13 0.41 0.49 0.20 
G16 0.44 0.97 0.39 
G17 0.36 0.55 0.26 
 
G4 0.23 0.09 0.10 
G6 0.34 0.15 0.07 
G8 0.30 0.37 0.22 
G27 0.17 0.25 0.12 
G28 0.22 0.12 0.11 
Mean 0.31 0.38 0.21 
LSD for Treatment (T) 0.05 P<0.05 
LSD for Group (Gr) 0.20 P<0.001 
LSD for Genotype (G) 0.10 P<0.05 
LSD for T x Gr 0.12 P<0.05 
LSD for T x G 0.17 ns 
 
Table 3. The root weight (g) of selected 10 mungbean genotypes (G) in CON, Ac-HT and 
NAc-HT treatments (T) at 20 DAF. The top 5 and bottom 5 genotypes represent high 
temperature stress tolerant (italics font) and susceptible (regular font) groups (Gr), 
respectively. 
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